BACKGROUND: Volume resuscitation has only been demonstrated to be effective in approximately fifty percent of patients. The remaining patients do not respond to volume resuscitation and may even develop adverse outcomes (such as acute pulmonary edema necessitating endotracheal intubation). We believe that point-of-care ultrasound is an excellent modality by which to adequately predict which patients may benefi t from volume resuscitation.
INTRODUCTION
Point-of-care ultrasound provide s a non-invasive method for clinicians to evaluate the intravascular volume status and fluid responsiveness of a patient. [1] This tool allows the clinician to rapidly make critical decisions regarding appropriate treatment of critically-ill patients (volume resuscitation versus the use of vasopressors). [2] Predicting fl uid responsiveness accurately also prevents volume overload which can lead to adverse events such as acute pulmonary edema.
Previously, dynamic measures such as variations in stroke volume and pulse pressure were used to assess fluid responsiveness. [3] Yet there are risks in obtaining and limitations of interpretation of these measurements, which preclude them from being practical in most patients. [3] In contrast, expeditious sonographic evaluation of the major vessels at the bedside of a critically ill patient provides a highly sensitive and specific assessment of intravascular volume status and response to fl uid administration. [4] Furthermore, the use of point-of-care ultrasound to evaluate vessel diameter and collapsibility in World J Emerg Med, Vol 10, No 4, 2019 conjunction with a passive leg raise (PLR) as a form of fl uid challenge offers a valuable method to predict fl uid responsiveness. [5] The following article is a discussion of ongoing progress in accurate fluid assessment of critically ill patients.
METHODS
We performed a literature review using PubMed, Scopus, and MEDLINE databases in order to evaluate the current literature on volume status assessment in critically ill patients. The following search terms were applied: fl uid responsiveness, ultrasound, hemodynamic, non-invasive, fluid challenge, and PLR. Two senior authors also reviewed the bibliographies of each article to identify additional studies. Exclusionary criteria included studies that were not published in English, abstracts, unpublished data, animal studies, and duplicate articles across multiple search criteria. Preference was given to clinical trials and review articles that were most relevant to the evaluation of a patient's cardiovascular capacity to respond to intravenous fluid administration with pointof-care ultrasound.
RESULTS

Traditional assessment of fl uid responsiveness
Conventionally, clinicians treat critically ill patients with judicious administration of intravenous crystalloid fluids. [6] Other resuscitative techniques include intravenous infusions of blood products and colloids as well as pharmacological manipulation of physiology with the use of vasopressors. Each of these methods carries risk. For example, colloids, such as albumin, remain sequestered in the intravascular space for long periods of time, yet they are prohibitively expensive. Furthermore, research has failed to demonstrate a mortality benefi t of colloids when compared to crystalloid administration. [6, 7] Predicting fl uid responsiveness is akin to determining a patient's position on the Frank-Starling curve. Patients will respond to fluid administration if they are on the ascending portion of the Starling curve. Critically ill patients may, however, exist at the plateau of the curvein which case an increase in preload no longer confers an advantage. [6] Since the shape of the Starling curve varies between patients it can be very challenging to determine a patient's position on the curve. [6] In order to determine appropriate treatment of critically ill patients the provider must be able to assess both intravascular volume status and fl uid responsiveness. Traditionally, clinical measures to assess these states have included static measures, such as central venous pressure (CVP) and pulmonary artery occlusion pressure, and dynamic measures, such as variations in stroke volume and pulse pressure. [3] Static measures (CVP and pulmonary artery occlusion pressure) characterize preload and can theoretically determine a patient's position on the Starling curve. Yet the shape of the Starling curve differs significantly between individuals. Not surprisingly, therefore, static measures have proven unable to accurately determine fluid responsiveness. [5] [6] [7] [8] [9] [10] [11] [12] A metaanalysis of 23 research studies demonstrated that invasive monitoring of CVP was not only a poor predictor of fluid responsiveness, but also conferred numerous risks including infection and mechanical complications. [6] The measurement of pulmonary artery occlusion pressure requires the placement of a pulmonary artery catheter; this device is also associated with increased morbidity and mortality. [13] Dynamic calculations of stroke volume and pulse pressure have consistently demonstrated reliable predictions of the degree of fluid responsiveness. [3, 6, 14] However, variations in pulse pressure are determined by measuring intrathoracic pressure changes during mechanical ventilation. Even minimal spontaneous breathing by a patient who is mechanically ventilated can alter intrathoracic measurements. Therefore, mechanically ventilated patients must be heavily sedated for pulse pressure variations to have predictive value. [3, 10, 15] It is not possible to calculate accurate variations in pulse pressure in patients who are not undergoing such interventions, limiting the applicability of this method. [6] Pulse pressure variations are also not predictive of fl uid responsiveness in patients with arrhythmias, low tidal volumes, a low ratio between cardiac and respiratory cycles, or those with an open chest. [3, 10] 
Understanding fl uid challenge and therapy
A fluid challenge is an administration of a small bolus of intravenous fluid to assess a patient's hemodynamic response. Providing a small bolus of fluid followed by clinician reassessment reduces the risk of acute pulmonary edema. [7] In the past CVP and pulmonary artery occlusion pressure were measured before and in ten-minute intervals after a fl uid challenge in order to predict fluid responsiveness. The numerical change in pressure would determine whether or not the infusion could be safely continued. [7, 8] New research, however, has examined the use of a PLR to determine fl uid responsiveness. [9] World J Emerg Med, Vol 10, No 4, 2019 The utility of passive leg-raising
To perform a PLR the provider lifts the legs of a patient from a horizontal supine position. This technique induces a gravitational mobilization of intravascular volume from the lower extremities towards the heart. [8] The maneuver requires the operator to lift the patient's legs from zero to forty-five degrees while measuring stroke volume and cardiac output before and after the maneuver. [16] PLR redistributes 300-500 mL of intravascular volume to the heart. PLR is, thus, also referred to as an "autotransfusion". This method is especially useful because it is quickly reversible. PLR carries no risk of fl uid overload and is generally assessed via the change in stroke volume using point-of-care ultrasound. [9] Passive leg-raising has been proposed as a way to assess fluid responsiveness because most patients, especially in the early phases of resuscitation, are not intubated, and do not meet the criteria for the use of invasive measures of fluid responsiveness. [8] Several prospective cohort studies have demonstrated that an increase in stroke volume over ten percent, as induced by PLR, was predictive of fluid responsiveness, with a sensitivity of 77% to 100%, and a specificity of 88% and 99%. [4, 17, 18] A prospective cohort study in 2012 by Monnet et al [19] demonstrated that pulse pressure variation (a dynamic measure) predicted fl uid responders with equivalent accuracy to PLR in patients with greater respiratory compliance. However, the effectiveness of pulse pressure variation was much worse when compared to PLR in patients with lower respiratory system compliance. In summary, PLR is an easily performed, non-invasive way to assess volume status.
Assessment through echocardiography
Echocardiography is a non-invasive tool which allows the provider to evaluate changes in stroke volume and possesses a lower risk profile compared to other methods, including pulmonary artery catheterization. [16] Furthermore, point-of-care cardiac ultrasound can be quickly performed at the bedside by the clinician and may be repeated as the clinical situation changes. Transthoracic echocardiography (TTE) is generally preferred over transesophageal echocardiography (TEE) in emergent situations, although TEE may be useful in intubated or sedated patients. [1, 16] The clinician can also use point-of-care ultrasound to assess for changes in the inferior vena cava (IVC) diameter throughout the respiratory cycle in order to determine fluid responsiveness. Because the diameter of the left ventricular outflow tract is assumed to be static throughout the respiratory and cardiac cycle, any change in aortic blood flow should represent a change in stroke volume. Clinicians with advanced skills in transthoracic echocardiography can also obtain a Doppler measurement of the maximal ascending aortic fl ow velocity (just distal to the aortic valve) immediately before and after performing a PLR. [16] Variations in aortic fl ow velocity throughout the respiratory cycle accurately predict fluid responsiveness. A variation of greater than 14% has a high positive predictive value for the patient being fluid responsive while values less than 10% are associated with a high negative predictive value. [20] When performing a TTE the maximal ascending aortic flow velocity can best be obtained in the apical fi ve-chamber view; the deep gastric view is most conducive when using TEE. [16] A systematic review in 2011 by Mandeville and Colebourn demonstrated that TTE is an excellent modality with which to measure stroke volume and cardiac output in order to predict and determine volume responsiveness in hemodynamically unstable patients. [4] Of note, TTE is also accurate when performed on patients who are spontaneously breathing and/or have existing cardiac arrhythmias. In contrast, the volume responsiveness of such patients cannot be reliably determined with traditional forms of assessment such as arterial waveforms.
The clinician should be aware of limitations associated with ultrasound. Obese body habitus, prominent ribs, emphysematous lungs, subcutaneous emphysema, surgical dressings, an open chest in the post cardiac surgery patient, life-saving devices (such as defibrillation pads), or chest wounds, may significantly degrade sonographic images. [1, 4] 
Advantages and utility of ultrasound
The ideal test to evaluate the hemodynamic status of a patient would be easy to use, cheap, noninvasive, produce clinically useful information, and enjoy low inter-operator variability. [21] Ultrasound has been embraced by providers performing procedures (ultrasound-guided peripheral and central lines, paracentesis, thoracentesis, pericardiocentesis, abscess incision and drainage etc). In the emergency department point-of-care ultrasound is also a vital component of trauma examinations, and can expedite work-ups of patients with pulmonary, cardiovascular, obstetric, musculoskeletal, and abdominal complaints. [21] Moreover, ultrasound is emerging as an essential tool to guide interventions for hemodynamically unstable patients. Although the fi eld of functional hemodynamics is in its infancy, it has become evident that assessing changes in IVC diameter over the period of the respiratory cycle offers more insight into a patient's volume status than static measures can. [1] Ultrasound also assesses the venous collapsibility index, which is a measurement of small changes in the diameters of large veins throughout the respiratory cycle. [21] The collapsibility index is determined by the following formula:
The collapsibility index=(maximal vessel diameterminimal vessel diameter)÷maximal vessel diameter.
By using multiple vessel diameters, the venous collapsibility index provides an internal patient-specific standard. [21] It has also been demonstrated that venous collapsibility may be inversely proportional to CVP: a 1 mmHg change in central venous pressure correlates to about 3.3% change in IVC collapsibility. [1] 
Understanding measurement of IVC (diameter, collapsibility, inspiration, and expiration) in relation to CVP
A study in 2016 by Karacabey et al [2] revealed that measures of IVC collapsibility were inversely correlated with CVP measurements in intubated patients. If the diameter of the IVC is less than 2.1 cm and decreases by more than half during inhalation, then the right atrial pressure sits within the normal range of 0-5 mmHg. If the IVC has a diameter of greater than 2.1 cm and decreases by less than half with inspiration, the pressure in the right atrium is between 10-20 mmHg. Ilyas et al [22] noted that CVP is proportional to IVC diameter but inversely proportional to the IVC collapsibility index (CI). Although it has not been demonstrated that CVP and CI are linearly related, the closer the CI is to either 0% or 100%, the more likely it is that the patient is volume depleted or volume-overloaded respectively.
Understanding measurement of IVC (diameter and collapsibility) in relation to measurements of internal jugular vein and femoral vein
The relationship between IVC collapsibility and internal jugular vein (IJV) collapsibility is still unclear. [23] There exists a correlation between the collapsibility of the IVC and the IJV, yet this correlation is heavily dependent on intra-thoracic and intraabdominal pressures at the time of measurement. [24] IJV collapsibility index values over 39% are strongly indicative of volume depletion. A study in 2015 by Bauman et al [24] showed that increased intra-abdominal pressure can cause collapse of the IJV, which could be falsely interpreted as volume depletion. Compared to other large veins in the body the IVC still stands as the most evidence-based indicator of volume status.
Interrater reliability of IVC assessment
Although point-of-care ultrasound has largely been adopted for IVC assessment, image interpretation requires provider training and experience. Bowel gas and large body habitus significantly impact image acquisition and interpretation. Accurate measurement of the IVC is also subject to the cylinder-tangent effect; measurements in the long axis which are closer to the walls will be falsely lower than measurements in the true center of the vessel. Existing literature notes that discrepancies in IVC diameter measurements can exist between users, particularly when comparing experts with novice sonographers. [25] However, a study by Akkaya et al [26] in 2013 demonstrated moderate reliability of IVC measurement between emergency medicine residents of different post-graduate years.
Assessment of corrected fl ow time
Corrected fl ow time is a measurement of systolic fl ow time that is corrected for heart rate and can be determined using pulsed wave spectral Doppler. [27] It is a non-invasive way to determine a patient's intravascular volume using point-of care ultrasound. Pare et al [27] concluded that corrected flow time accurately predicted decrease in preload after the administration of nitroglycerin. In addition, Hossein-Nejad et al [28] noted that corrected flow time can be determined via electrocardiogram when assessing a patient's volume status. Corrected fl ow time measurements were comparable between Doppler evaluation and electrocardiogram. [28, 29] 
Measurements related to the common carotid artery (diameter, systolic fl ow time)
Given the emphasis on the visualization of large veins in assessing a patient's response to intravenous fluids, changes in arterial vessels have largely been overlooked. [30] The diameter of the common carotid artery increases with intravascular volume expansion, and is also correlated with the change in pulse pressure variation. Providers can also use point-of care ultrasound to evaluate carotid systolic flow time. [31] An increase of carotid systolic flow time of greater than thirty milliseconds after PLR was found to correspond to changes in the volume status of patients who had completed a dialysis session. World J Emerg Med, Vol 10, No 4, 2019 
Understanding correct fl ow time within common carotid artery
Corrected flow time can also be applied to arterial measurements. When intravenous fluids were administered to volume-depleted patients, researchers detected changes in the carotid artery corrected flow time using ultrasound with Doppler before a change in the patient's vital signs became apparent. [32 ] Similarly, carotid artery corrected flow time as evaluated with ultrasound accurately reflected delivery of lower extremity intravascular volume to the heart after PLR in healthy volunteers. [28] Detecting fl uid overload with ultrasound
In addition to predicting fluid responsiveness, ultrasound can help providers to look for volume overload in the form of pulmonary edema. Fluid overload triggers increased density of the interlobular septae of the lungs, creating hyper-echoic reverberation artifacts at the pleura, known as B-lines. [33] B-lines can be identifi ed in sub-clinical overload; their number increases proportionately to the degree of pulmonary edema. [34] Of note, sonographic detection of pulmonary congestion is also more sensitive than chest X-ray or auscultation. [35] 
Application of intravascular volume measurement -special cases
Other research has focused on the use of ultrasound to assess the volume status of pregnant patients, intubated patients, patients in shock, and patients with congestive heart failure. A prospective observational study examined the IVC diameter in pregnant women before and after an intravenous fluid bolus and determined that changes in diameter could be reliably assessed. [36] Another important population includes mechanically ventilated patients. The use of general anesthetics is associated with hypotension, which may lead to adverse outcomes. [37] Ultrasound can predict post-anesthesia hypotension by measuring the IVC CI and diameter A recent study [38] has also evaluated the utility of ultrasound in detecting volume status in the pre-hospital setting. Ultrasound showed that subjects with acute mountain sickness have greater intravascular volume than controls. [38] Thus, patients with acute mountain sickness seem to retain fluid in an altitude-dependent manner. Ultrasound can be used to reliably detect increases in volume following successful resuscitation. [39] [40] [41] [42] Finally, patients with acute decompensated heart failure require strict intravascular fluid monitoring. Krishnan et al [43] showed that providers could use ultrasound evaluation of the IVC diameter to predict a patient's response to diuretics independent of his/her baseline renal function.
DISCUSSION
Ultrasound has become an increasingly important assessment of volume status and response to volume resuscitation in critically ill patients. Besides being non-invasive and low in cost, the clinician can repeat the ultrasound at the patient's bedside as often as needed. [1, 21] Much research has focused on the elasticity of large veins, such as the inferior vena cava and the internal jugular vein, to calculate standardized parameters for the determination of fluid responsiveness, including the collapsibility index. [2, [22] [23] [24] These parameters are related to more traditional predictors of fluid responsiveness like central venous pressure. Emerging studies, however, demonstrate that large arteries, such as the common carotid artery, are also dynamically compliant, and can predict fl uid responsiveness. [30] [31] [32] Certainly, ultrasound is operator dependent. [25, 26] Standardized parameters, such as corrected flow time, can be calculated using ultrasound, which may help to eliminate differences in image interpretation between providers. [27] Ultrasound can also assess whether a patient undergoing volume resuscitation is developing pulmonary congestion. Ultrasound is more sensitive than plain fi lm imaging or auscultation when looking for pulmonary edema.
Limitations
There are several limitations to this review article. We included a variety of studies that differ in many ways and are linked only by subject area. Despite the heterogeneity of sample size and type of patients in the studies that we examined, however, they were all valued with the same signifi cance. Given that the studies mostly support one another, the fallacy of comparing articles with different strengths is not as grave a fault. Certainly, the amount and type of intravenous fl uid, as well as the rate of fluid administration are not unified across the literature. Finally, ultrasound is operator dependent. More experienced clinicians are more facile with this tool, and consequently more likely to make the proper diagnosis based on accurate image interpretation, than the novice sonographer.
CONCLUSION
I n c o n c l u s i o n , p o i n t -o f -c a r e u l t r a s o u n d , i n combination with PLR, is a non-invasive, low cost, and time-effective modality that can be employed by a provider to examine volume status and predict patient response to fluid resuscitation. Traditionally, research studies have focused on the evaluation of large veins, but a few studies now demonstrate that large arteries may provide similar insight into a patient's volume status. As future studies further expand our understanding of the accuracy of sonographic measurements to examine volume status, the use of point-of-care ultrasound in the assessment of a critically ill patient will hopefully become the standard of care.
